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Interlayer misorientation in transition metal dichalcogenides alters the interlayer distance, the
electronic bandstructure, and the vibrational modes, but, its effect on the interlayer resistance is not
known. This work analyzes the coherent interlayer resistance of misoriented 2H-MoS2 for low energy
electrons and holes as a function of the misorientation angle. The electronic interlayer resistance
monotonically increases with the supercell lattice constant by several orders of magnitude similar
to that of misoriented bilayer graphene. The large hole coupling gives low interlayer hole resistance
that weakly depends on the misorientation angle. Interlayer rotation between an n-type region and
a p-type region will suppress the electron current with little effect on the hole current. We estimate
numerical bounds and explain the results in terms of the orbital composition of the bands at high
symmetry points. Density functional theory calculations provide the interlayer coupling used in
both a tunneling Hamiltonian and a non-equilibrium Green function calculation of the resistivity.
Introduction: There is tremondous interest in mul-
tilayer and heterostructure stacks of transition metal
dichalcogenides (TMDs) [1–24]. They exhibit strong spin
orbit coupling and non-trivial topology [3–5], large See-
beck coefficients [15], tunable bandstructure [18, 19, 25],
many possibilities for band engineering [26], type II
band alignments [14, 17, 20], and rectifying pn junctions
[7, 14, 20]. Multilayer and heterostructure growth with
stacking control have been demonstrated[20–23]. Recent
reviews provide an overview of the state of the art [24, 27–
29].
For TMD misoriented bilayers, both experiments and
simulations show that the interlayer coupling and the in-
terlayer distance are sensitive to the rotation angle, and
that the sensitivity of the coupling is very different for
different valleys [11–13, 16, 25]. A small rotation angle
in hetero-bilayers alters the inter-layer exciton dynamics
[30, 31]. While the effects of misorientation on the ge-
ometry, electronic bandstructure, and vibrational modes
of bilayer TMDs have received significant attention, the
effect of misorientation on the interlayer resistivity of
TMDs has not yet been studied. Recent work consid-
ered the effect of misorientation on the in-plane transport
[32]. In this work, we theoretically determine the coher-
ent electron and hole interlayer (vertical) conductance of
a misoriented MoS2 interface as illustrated in Fig. 1(a).
In MoS2 bilayers, the low-energy electron transport
takes place at the K valley, and the low-energy hole
transport takes place at the Γ valley. This results in
an extremely asymmetric response of the electron and
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FIG. 1. (a) Atomistic geometry of the 21.78◦ rotated inter-
face. The semi-transparent arrow indicates the direction of
current flow. (b) Reduction to a tight binding chain model
for a given valley and k. The two sites 0 and 1 correspond to
the two layers. (c) Commensurate unit cells corresponding to
the commensurate misorientation angles.
hole interlayer conductivity to the interlayer misorienta-
tion angle. The coherent interlayer electron transport is
exponentially suppressed by the misorientation, and the
hole transport is only slightly affected.
Theoretical Methods: The structures considered are a
2H aligned bilayer and misoriented bilayers with com-
mensurate rotation angles. The commensurate unit cells
are shown in Fig. 1(c), and they are constructed fol-
lowing the method described in Ref. [33]. The rotation
angles are θ = 13.17◦, 21.78◦, and 27.79◦, and the cor-
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2responding unit cell lattice constants are
√
19a0,
√
7a0,√
13a0 where a0 is the lattice constant of 2H aligned bi-
layer equal to 3.16 A˚[34] . Details of the DFT simulation
input parameters and output results using the Vienna Ab
initio Simulation Package (VASP) [35–39] are provided in
the Appendix.
The purpose of these DFT calculations is to deter-
mine the energy splitting of the band edges resulting from
the interlayer coupling. The DFT calculations are inten-
tionally performed in the absence of spin-orbit coupling
(SOC) to cleanly extract the band splitting from the in-
terlayer coupling [19]. In the absence of SOC, the energy
splitting ∆ν(k) of each band ν at wavevector k due to
the interlayer coupling tν⊥(k) is ∆ν(k) = 2|tν⊥(k)|. In the
basis of the eigenstates of the individual monolayers, the
low-energy bilayer Hamiltonian for each band ν is
H =
(
εν(k) t
ν
⊥(k)
tν⊥(k) εν(k)
)
(1)
where εν(k) is the low-energy two-dimensional dispersion
of band ν.
The interlayer couplings are extracted from the energy
splittings near the band edge as illustrated in Fig. 2.
A semi-log plot of the values versus supercell lattice con-
stant is shown in Fig. 3(a). It is clear from Fig. 3(a) that
the interlayer coupling of the holes at Γ are little affected
by the misorientation angle. The interlayer couplings of
the electron and hole states at K and Σ are exponentially
suppressed as a function of the supercell lattice constant.
This exponential dependence of the band splitting on the
supercell lattice constant is also found for the band split-
ting in rotated bilayer graphene [40].
Only the conduction K valley and the valence Γ val-
ley are considered for calculating the low-energy electron
and hole interlayer resistances, since HSE level calcula-
tions, which provide more accurate values for energy lev-
els, show that the conduction band K valley lies approxi-
mately 130 meV below the conduction band Σ valley, and
the valence band Γ valley lies 200 meV or more above
the valence band K valley. [12, 15, 34, 41]. Once we
restrict our attention to the conduction K valley, which
we will denote as Kc, and the valence Γ valley, which we
will denote as Γv, spin-orbit splitting has little effect on
the inter-layer transport, since the spin splitting of the
conduction band at K is 1.5 meV and the valence band
at Γ is spin degenerate [42]. Since we are interested in
the room temperature conductance, we ignore the small
spin splitting of the conduction band. To a very good
approximation, the low-energy bands within the plane
(perpendicular to the transport direction) are parabolic
and isotropic [42]. For the transport calculations, we
treat them as parabolic using two masses, mx and my,
such that ε(k) = ~
2|k|2
2m∗ with m
∗ = √mxmy. The values
for the masses from DFT/HSE calculations for the holes
at Γ are mx = my = 0.62m0 and for the electrons at K
are mx = 0.47m0 and my = 0.45m0[43].
After extracting the interlayer coupling elements tν⊥
from the DFT calculations, we calculate the interlayer
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FIG. 2. DFT calculated band structures of (a) unrotated bi-
layer and (b) 21.78◦ misoriented bilayer MoS2 in the absence
of SOC. The splittings of the bands due to interlayer cou-
pling are shown in the insets at the K points, and directly
on the plots at the Γ points. The interlayer coupling param-
eters tν⊥(k) are extracted from the DFT calculations of the
bilayer electronic bandstructures in the absence of spin orbit
coupling.
conductance of the electron and hole bands using two
different methods described below. For low energies near
a given valley minimum, the standard 2D-2D tunneling
formula is
J =
gsgvq
hA
∑
k
∫
dE |t⊥(k)|2Au(k;E)Al(k;E)
· [f(E − Ef,u)− f(E − Ef,l)] (2)
where Au(k;E) is the spectral function of the upper
layer, Al(k;E) is the spectral function of the lower layer,
t⊥(k) is the interlayer coupling determined from the band
splitting, f(E−Ef ) is the Fermi-Dirac factor, and Ef,u(l)
is the Fermi level of the upper (lower) layer. In the prefac-
tor, A is the area, gs is the spin degeneracy, and gv is the
valley degeneracy. A derivation of this expression from
the standard non-equilibrium Green function expression
for the current is given in the Appendix. The spectral
functions are given by Au(l) =
γ
(E−ε(k))2+ γ24
= γ
E2z+
γ2
4
where γ is the lifetime broadening in each layer and in
the second equality, we define Ez ≡ E − ε(k). Since the
interlayer coupling t⊥ is a weak function of k, we use its
value at the band edge. Then, we can perform the sum
over the transverse momenta analytically, and Eq. (2)
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FIG. 3. (a) Interlayer coupling t⊥ (meV) of the conduction
band valleys at K and Σ labeled Kc and Σc, and the valence
band valleys at K and Γ labeled Kv and Γv. (b) Interlayer
resistivity (Ω · µm2) at the conduction (Kc) and valence (Γv)
band edges. Both the resistivity and the coupling are plotted
versus the commensurate unit cell lattice constant in units of
the unrotated lattice constant a0. The corresponding angles
are shown on the upper horizontal axis. Numerical values for
the data are given next to the data points.
now has the form
J =
gsgvq
h
m∗
2pi~2
∫
dEz|t⊥|2Au(Ez)Al(Ez)
·
∫ ∞
0
dε [f(Ez + ε− Ef,u)− f(Ez + ε− Ef,l)]
(3)
For small voltages, the difference in Fermi factors be-
comes −∂f∂ε qV where V is the applied voltage, and the
integral over ε gives f(Ez−Ef )qV where Ef is the equi-
librium Fermi level. Therefore, the 2D-2D tunneling for-
mula for the interlayer conductivity is
σ2D =
gsgvq
2
h
m∗
2pi~2
∫
dEz
|t⊥|2γ2f(Ez − Ef )[
E2z +
γ2
4
]2 . (4)
All calculations of the electronic conductivity σ2D use
a value of γ = 12.6 meV, and it is estimated from the
mobility lifetime using µ = eτ/m∗ and γ = ~/τ . For the
mobility, we chose 200 cm2/Vs, which is an average of
the best measured value for a monolayer of 81 cm2/Vs
[44] and the theoretical value of 320 cm2/Vs [45].
For a given transverse k, the transmission resulting
from this approach is T (E;k) = |t⊥|
2γ2[
(E−ε(k))2+ γ24
]2 which
has a maximum value of 16 |t⊥|2 /γ2. Since this value
must be ≤ 1, it sets an upper limit on the expression’s
validity in terms of the magnitude of the coupling with
respect to the broadening, |t⊥| ≤ γ/4 = 3.15 meV. For
the Kc valley, the unrotated structure does not satisfy
this condition, since t⊥ = 7.6 meV; but for all non-zero
rotation angles, this condition is satisfied. For the Γv
valley at all rotation angles, it is not.
To have an expression that is also valid for the strongly
coupled bands, we create a low-energy, 3D-3D transmis-
sion model for each band. Physically, this corresponds
to a system of two semi-infinite stacks with one stack ro-
tated with respect to the other resulting in the rotated
interface depicted in Fig. 1(a). For each band, at each
transverse k, this model reduces to that of a one dimen-
sional (1D) tight-binding chain as shown in Fig. 1(b).
The hopping parameter t0 is given by t⊥ of the unro-
tated bilayer in Fig. 2(a). For this model, the ‘device’
consists of the two misoriented layers numbered 0 and
1 in Fig. 1(b). The ‘device’ Hamiltonian for band ν is
given by Eq. (1). The left and right self-energies due to
coupling to the semi-infinite leads are ΣR = t0e
ikza. The
Green function is
GR =
(
E − εν(k)− t0eikza −tν⊥(k)
−tν⊥(k) E − εν(k)− t0eikza
)−1
.
(5)
The transmission is calculated from T (E,k) =
ΓuΓl|GR0,1(E,k)|2 where Γl = Γu = 2|t0| sin(kza). Us-
ing the dispersion relation of the leads, E = εν(k) +
2t0 cos(kza), this can be analytically evaluated to obtain
T (Ez) =
t2⊥(4t
2
0−E2z)
(t20+t
2
1)
2−t2⊥E2z
where Ez ≡ E − εν(k). Going
through the same steps as for the 2D-2D tunneling for-
mula, the 3D-3D expression for the conductance is
σ3D =
gsgvq
2
h
m∗
2pi~2
∫ 2t0
−2t0
dEz
t2⊥(4t
2
0 − E2z )f(Ez − Ef )
(t20 + t
2
⊥)2 − t2⊥E2z
.
(6)
In all calculations of the interlayer conductance, the
Fermi level is taken to be kBT below the conduction band
edge when calculating the electron conductance or kBT
above the valence band edge when calculating the hole
conductance, with T = 300K. The interlayer resistivity
ρ is the inverse of the conductivity calculated from Eqs.
(4) or (6).
Results and Discussion: Fig. 3(b) shows the interlayer
resistivity for electrons at the conduction band edge at
K and the holes at the valence band edge at Γ. The in-
terlayer resistivity for holes is only calculated from the
expression for σ3D in Eq. (6), since the 2D-2D tunnel-
ing formula is not valid for the holes due to the large
value of |t⊥|. The interlayer resistivity for electrons is
calculated from both expressions, σ2D from Eq. (4) and
4σ3D, and the trends and quantitative values from both
expressions match to within a factor of three over 3 or-
ders of magnitude. The agreement is not too surprising
since the conductivity resulting from both expressions is
proportional to t2⊥, and the dependence of the electron
and hole interlayer conductivity follows the dependence
of the interlayer coupling shown in Fig. 3(a).
The physics of the interlayer coupling is determined by
the periodic part of the Bloch function (the orbital com-
position), the phase or envelope eik·r, and the interlayer
trigonal arrangement of the 3 nearest neighbor Mo atoms
in one layer with respect to a Mo atom in the other layer.
We will first discuss the K valley and then the Γ valley.
First, consider the unrotated 2H bilayer. The very
small interlayer coupling of the conduction band is due
the symmetry of the conduction band Bloch functions at
the K points. The conduction band edge at K is com-
posed of predominantly Mo dz2 orbitals. In a minimal
basis, the Bloch state at the conduction band edge of
an individual monolayer is |Kc〉 =
∑
Rn
|dz2 ;Rn〉eiK·Rn
where Rn is the position of each Mo atom. The
conduction band interlayer coupling is proportional to
the the interlayer matrix element 〈Kc, u|H|Kc, l〉 =
〈duz2 |H|dlz2〉
∑3
n=1 e
iK·Rn ∝ ∑2n=0 ein2pi/3 = 0 where
〈duz2 |H|dlz2〉 is the matrix element between interlayer,
nearest neighbor, Mo dz2 orbitals. Since the interlayer
matrix element 〈duz2 |H|dlz2〉 is independent of the az-
imuthal angle, it is pulled outside of the sum, and the
sum of the three phase factors exactly cancel. (For an
expanded discussion, see the Supplementary Information
of [5].)
In contrast, the valence band state at K is composed
of dxy and dx2−y2 orbitals. The interlayer matrix ele-
ments between these orbitals change sign as a function
of the azimuthal angle preventing the cancellation of the
phase factors. Therefore, at the K valley of the unrotated
structure, even though the conduction band orbitals are
out-of-plane and the valence band orbitals are in-plane,
the interlayer coupling at Kc is an order of magnitude
smaller than the interlayer coupling at Kv, as shown in
Fig. 3(a).
Two mechanisms compete to determine the effect of
interlayer rotation on the conduction band coupling at
K. When one layer is rotated with respect to the other,
the symmetry is broken, and the exact cancellation of the
phases is destroyed. This effect would cause the matrix
element to increase. However, now the unit cell size has
increased to one of the supercells shown in Fig. 1, and
the interlayer matrix elements between all of the dz2 or-
bitals in the supercell and their associated phase factors
must be added. At K, the phase is changing sign approx-
imately every lattice constant, so that as the wavefunc-
tion of the top layer is rotated with respect to that of the
bottom layer, and the phases are summed over the large
supercell, the matrix element is suppressed by phase can-
cellation. These two competing effects cause the initial
slower decrease in the coupling of the conduction band
at K compared to the coupling of the valence band at K
as shown in Fig. 3(a).
The effect of misorientation on the the interlayer re-
sistivity of the electrons at K is similar to the effect of
misorientation on the interlayer resistivity of electrons
and holes in bilayer graphene [40, 46, 47]. The electron
resistivity increases exponentially with the size of the su-
percell lattice constant, although the increase in MoS2
is orders of magnitude less than the increase in bilayer
graphene (compare Fig. 1d of [40] or Fig. 4 of [47] with
Fig. 3(b)).
The valence band edge at Γ is composed of 28% S pz
orbitals and 67% Mo dz2 orbitals[15]. These out-of-plane
orbitals, especially the pz orbitals on the surface S atoms,
strongly couple between layers. Furthermore, the inter-
layer matrix elements are independent of the azimuthal
angle, and at Γ, all of the phase factors are 1, so the ma-
trix elements add, and the interlayer coupling is large as
shown in Fig. 3(a).
When one layer is rotated with respect to the other,
no phase cancellation can occur, since the Γ wavefunc-
tions have no phase. Thus, the holes at Γ are minimally
affected by layer rotation. The only effect on the hole
coupling is through the slight increase in the interlayer
separation causing a slight decrease in the interlayer cou-
pling as shown in Fig. 3(a). Furthermore, the interlayer
coupling of the holes monotonically decreases with angle
rather than with supercell size, following the monotonic
increase of the interlayer distance (see Table S1), which
further indicates that different physics govern the effect
of misorientation on the electron and hole interlayer cou-
pling.
To gain perspective into what the resistivity values
mean for a device application, we consider the target
resistivity value of 2.5 Ωµm2 for the emitter contact re-
sistance required to achieve THz cutoff frequency in a
heterostructure bipolar transistor (HBT) [48]. The inter-
layer resistivity of the holes is approximately equal to or
below that value for all angles. For all non-zero rotation
angles considered, the interlayer resistivity of the elec-
trons is one or more orders of magnitude too high. This
suggests design optimization of a heterostructure bipo-
lar transistor (HBT) using stacked TMDs. A pnp HBT
will be insensitive to misalignment of the layers. Further-
more, rotating the emitter layer with respect to the base
layer in a pnp HBT will increase the emitter injection
efficiency by one or more orders of magnitude, since the
transmission of electrons injected from the base will be
suppressed while the transmission of holes injected from
the emitter will be unaffected.
Conclusion: The electron interlayer coupling of the
conduction band at K is weak (7.6 meV), and it decreases
by a factor of 63 as the supercell lattice constant increases
by a factor of 4 corresponding to a 13◦ rotation. The hole
coupling is large (632 meV) and remains large decreasing
by a factor of 1.3 at a rotation angle of 27.8◦ The corre-
sponding electron interlayer resistivity increases from 4
Ωµm2 to 104 Ωµm2. The hole resistivity remains near 2
Ωµm2 for all rotation angles. Interlayer rotation between
5an n-type and p-type region will suppress the electron
current, which is desirable in the base-emitter junction
of a pnp HBT.
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Appendix: Ab-initio simulation details and
derivation of Eq.(2)
Electronic structure calculations of bilayer MoS2 are
carried out using density functional theory (DFT) with
a projector augmented wave method and the Perdew-
Burke-Ernzerhof (PBE) type generalized gradient ap-
proximation as implemented in the Vienna Ab initio
Simulation Package (VASP) [35–39]. A semi-empirical
Grimme-D2 correction to the Kohn-Sham energies is used
to model the van der Waals (vdW) interactions [49].
Spin-orbit coupling is not included, since it has little ef-
fect on the interlayer coupling parameter, which is deter-
mined by orbital overlap. The plane wave basis energy
cutoff is 400 eV. The global break condition for the elec-
tronic SC-loop is below 10−6 eV. The Monkhorst-Pack
scheme is used for the integration over the Brillouin zone
with a Γ centered k-mesh of 12×12×1 for the unrotated
thin films. For rotated bilayers, k-mesh are accordingly
revised to 3 × 3 × 1 for 13.17◦, 6 × 6 × 1 for 21.78◦,
4 × 4 × 1 for 27.79◦, since they have different Brillouin
zones. The k-space integration was carried out with a
Gaussian smearing width of 0.02 eV for all calculations.
All unit cells were built with 20 A˚ separation between
replicas in the perpendicular direction to achieve negligi-
ble interaction.
The default optimization methods did not efficiently
determine the bilayer separation because the van der
Waals interaction energies are very small. In order to
accurately determine the bilayer separation of each sys-
tem, several specific layer separations were used to op-
timize the structures until all or the interatomic forces
are below 0.01 eV/A˚ as described in the Supplementary
Information of [11]. The optimized structure with lower
total energy was chosen for structure of each rotated an-
gle. The interlayer distances of the relaxed structures are
shown in Table S1.
The standard 2D-2D tunneling formula can be ob-
tained following the derivation leading to the current ex-
pression of Meir and Wingreen [50]
J =
gsgvq
hA
∑
~k
∫
dEtr{Γu(E;k)[f(E − µu)Al(E;k)
+ iG<l (E;k)]}. (A.1)
For the system shown in Fig. 1(a) of the main text,
Al and G
<
l are the spectral function and less-than cor-
relation function of the lower layer, and Γu(E;k) =
t2⊥(k)Au(k;E), where Au(k;E) is the spectral function
of the upper layer. In a tunneling Hamiltonian approach,
the two layers are assumed to be weakly coupled, so that
each layer can be approximated as equilibrated with its
own Fermi level. Then, G<l (k;E) = if(E − µl)Al(k;E),
and Eq. (A.1) becomes
J =
gsgvq
hA
∑
k
∫
dE |t⊥(k)|2Au(k;E)Al(E;k)
· [f(E − µu)− f(E − µl)] . (A.2)
Angle θ a/a0 d (A˚) EΓ−K(eV) EK−K(eV)
2H(0) 1.0 6.2568 1.3650 1.7348
13.17◦
√
19 6.5142 1.5279 1.7683
21.78◦
√
7 6.5287 1.5339 1.7669
27.79◦
√
13 6.5853 1.5617 1.7698
TABLE S1. Interlayer distance (d), supercell lattice constant
a, indirect energy gap EΓ−K , and direct gap EK−K as a func-
tion of rotation angle.
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